Aims Myeloperoxidase (MPO), a cardiovascular risk factor in humans, is an in vivo catalyst for lipoprotein modification via intermediate formation of reactive chlorinating species. Among the different lipoprotein classes, anti-atherogenic high-density lipoprotein (HDL) represents a major target for modification by hypochlorous acid (HOCl), generated from H 2 O 2 by MPO in the presence of physiological chloride concentrations. As MPO was identified as an HDL-associated protein that could facilitate selective oxidative modification of its physiological carrier, the aim of the present study was to investigate whether and to what extent modification of HDL by HOCl affects the binding affinity of MPO in vitro.
Introduction
Classically, the 'oxidation hypothesis' of atherosclerosis is predominantly focused on the role of oxidation in the modification of low-density lipoprotein (LDL) and phospholipids, generating pro-atherogenic species capable of promoting cholesterol deposition, foam cell formation, and smooth muscle cell proliferation. 1 Several lines of evidence indicate that oxidants generated by myeloperoxidase (MPO) are critically involved in these processes. The MPO-H 2 O 2 system generates tyrosyl and nitrosyl radicals, and in the presence of physiological chloride concentrations hypochlorous acid (HOCl) is formed. Besides its function as antimicrobial agent, 2 HOCl is able to initiate modification reactions targeting a wide range of biological substrates, including anti-oxidants, amines, amino acids, sulphides, nucleotides, DNA, lipids, and (lipo)proteins. [3] [4] [5] [6] [7] [8] MPO is present in lesion material, and in situ experiments revealed co-localization of HOCl-modified epitopes with lipid-rich areas, macrophages, and MPO in lesion material. [8] [9] [10] [11] [12] [13] Density gradient centrifugation of human plaque homogenate and subsequent immunoblot analysis of the LDL-buoyant fraction further revealed that the apolipoprotein moiety of LDL is modified by the MPO-H 2 O 2 -chloride system. 14 However, over the past few years, there is growing evidence that anti-atherogenic high-density lipoprotein (HDL) becomes 'dysfunctional' through oxidative modification mediated by MPO. 8, 15 Chlorination of HDL or its major apolipoprotein moiety, apoA-I, impairs the removal of cholesterol from cultured cells by ATP-binding cassette transporter A1 [16] [17] [18] [19] but promotes cellular lipid uptake and foam cell formation in vitro. 20 Different lines of evidence, e.g. (i) increased content of MPO-generated chlorinated tyrosine in circulating and lesion-derived apoA-I, (ii) a specific interaction site between apoA-I and MPO, and (iii) co-purification of MPO with HDL-like particles recovered from human atherosclerotic lesions, support a specific mechanism for oxidative modification of HDL by MPO in vivo. 21 In situ experiments revealed co-localization of specific epitopes derived from HOCl with apoA-I and MPO in human atheroma. 8, 13, 22 Among the prime targets of MPO-dependent modification of HDL are amino acid side chains of cysteine, methionine, tyrosine, and lysine. 20, 22 Conversion of positively charged 1-amino groups of lysine residues by HOCl results in the formation of N-chloramines that might affect the interaction with MPO. Therefore, the present study aimed at investigating the interrelationship between a triade of factors that likely affect the pathology in the diseased vessel wall, namely the relationship between the extent of HOCl modification of HDL, the ability of HOCl-modified HDL to interact with positively charged MPO, and the effects of these modified particles on the halogenating activity of lipoprotein-bound MPO.
Methods

Materials
NaOCl/HOCl, organic solvents, and potassium bromide were obtained from Sigma. Radiochemicals were purchased from PerkinElmer Life Sciences. Dulbecco's modified Eagle's medium (DMEM) was from Invitrogen, and foetal calf serum (FCS) was obtained from Roche Applied Science (Vienna). Plasticware used for tissue culture was obtained from Costar (Vienna). MPO was from Planta Naturstoffe (Vienna). All other chemicals were obtained from Merck except where indicated.
Isolation of plasma lipoproteins
HDL (HDL subclass 3, d ¼ 1.125-1.21 g/mL) was prepared by discontinuous density ultracentrifugation of plasma obtained from normolipidemic blood donors. 23 HDL was recovered from the tubes and dialysed against 10 mM phosphate-buffered saline (PBS; pH 7.4, 0.15 M NaCl). The protein concentration of the resulting solution was determined by the Lowry procedure using bovine serum albumin (BSA) as a standard. Before use, HDL was desalted, and the preservatives were removed by dialysis or size exclusion chromatography on Econopac 10-DG columns (Bio-Rad).
Modification of high-density lipoprotein
Modification of HDL was performed as described. 24 Briefly, one milligram of HDL per millilitre of PBS (pH 7.4) was incubated in the absence of free amino acids/carbohydrate with NaOCl solution (added as single addition and gentle vortexing) at molar ratios of HOCl:HDL ranging from 50:1 to 200:1 for 60 min (08C, under argon) or, when indicated, up to 12 h at 378C. To some HDL preparations, methionine (a five-fold molar excess over HOCl) was added at the end of the modification procedure.
Alternatively, modification of HDL coated to microtitre wells by the MPO-H 2 O 2 -chloride system was performed in PBS (100 mL, 50 mM, pH 7.4) by adding H 2 O 2 (3.3-100 mM). MPO (10 nM, Planta Naturstoffe) was added at the start. The reaction mixture was incubated for 1 h at 378C.
All modified HDL preparations were passed over a PD10 column to remove unreacted NaOCl or methionine and were used immediately for experiments. The relative electrophoretic mobility (REM) of HOCl-HDL was assessed by agarose gel electrophoresis. 25 For amino acid analysis, HDL and HOCl-HDL (450 mg of protein) were lyophilized in 5 mL ampoules and purged with nitrogen before hydrolysis in constant boiling 6 N HCl (24 h, 1208C). 20 Amino acid analyses were performed on a Biochrom analyser (Pharmacia Biotech) using norleucin as internal standard.
Circular dichroism spectrometry
Circular dichroism (CD) spectra were performed on a PiStar-180 spectrometer equipped with a thermostatic cell holder from Applied Photophysics (Leatherhead, UK). For recording far-UV spectra (250-190 nm), the quartz cuvette had a path length of 1 mm. Spectral bandwidth: 5 nm; step size: 1 nm; scan time: 624 s; protein concentration: 0.1 mg/mL MPO and 0.25 mg/mL HDL or HOCl-HDL. In the near-UV and visible region (250-500 nm), conditions were as follows: pathlength: 10 mm; spectral bandwidth: 5 nm; step size: 1 nm; scan time: 1612 s; protein concentration: 0.5 mg/mL MPO and 1 mg/mL HDL or HOCl-HDL. All CD measurements were performed in 10 mM PBS (pH 7.4) at 258C. 26 Each spectrum was automatically corrected with the baseline to remove birefringence of the cell. The instrument was flushed with nitrogen with a flow rate of 5 L/min.
Polarographic measurements of myeloperoxidase activity
The halogenation activity of MPO incubated with HDL or HOCl-HDL for 30 min was measured by continuously monitoring H 2 O 2 consumption polarographically with a platinum electrode covered with a hydrophilic membrane and fitted to the Amperometric Biosensor Detector 3001 (Universal Sensors, Inc., USA). The applied electrode potential at pH 7.4 was 650 mV and the H 2 O 2 electrode filling solution was prepared freshly half-daily. 27 The electrode was calibrated against known concentrations of H 2 O 2 . In detail, the consumption of H 2 O 2 (100 mM) in the presence of 100 mM bromide in 100 mM PBS (pH 7.4) was followed (258C). Reactions were started by addition of MPO (10 mg/mL) either free or incubated for 30 min with HDL or HOCl-HDL (1 mg/mL). One unit is defined as consumption of 1 mmol H 2 O 2 per minute at 258C.
Protein labelling procedures
Labelling of MPO with 125 INa was performed as described 28 using N-bromosuccinimide as the coupling agent. Routinely, 100 mCi of 
Myeloperoxidase-binding assays
Microtitre wells (Nunc Maxisorp, VWR) were coated with 100 mL of a solution containing either BSA or apoA-I or HDL (each 100 mg/mL, 15 mM sodium carbonate, 35 mM sodium bicarbonate, pH 9.6) overnight at 48C as described. 28 Subsequently, the wells were washed with washing buffer (ice-cold PBS containing 0.05% Tween-20). In some experiments, adsorbed (lipo)proteins were oxidized onto the wells by adding 100 mL of HOCl solutions added as reagent NaOCl (3.3, 11, 33, and 100 mM in PBS, pH 7.4) or generated by the MPO-H 2 O 2 -chloride-system (1 mg/mL MPO) for 1 h at 48C. For controls, adsorbed (lipo)proteins were treated with H 2 O 2 (3.3, 11, 33, and 100 mM in PBS, pH 7.4) only. After washing and blocking [2 h at 378C with PBS containing non-immune IgG (10 mg/mL)], the wells were incubated with 125 I-labelled MPO (100 mL at indicated concentrations; either alone or in the presence of an excess of unlabelled competitors) in DMEM (containing 1 mg BSA/mL) for 2 h at 378C. Then the supernatant was removed, and the wells were washed four times with washing buffer. Bound 125 I-MPO was quantified by counting radioactivity in the individual wells.
Coupling of lipoproteins to Sepharose and myeloperoxidase binding
One milligram of HDL or HOCl-HDL (oxidant:lipoprotein molar ratio of 200:1) was coupled to CN-Br-activated Sepharose (GE Healthcare) according to the manufacturer's instructions. The amount of lipoproteins coupled to Sepharose was estimated by quantitation of unbound lipoproteins in the supernatant. After washing and blocking (1 M ethanolamine, 0.1 M NaHCO 3 , 0.5 M NaCl, pH 9.0), 10 mg 125 I-MPO was added to HDL-or HOCl-HDL coupled to Sepharose-beads or to Sepharose-beads alone (control) in the presence of 1 mg/mL BSA. After gentle rotation (30 min, room temperature), the beads were spun down and the radioactivity was measured in the supernatant. Subsequently, the beads were washed and spun down again to measure bead-associated radioactivity.
Cells
Human umbilical venous endothelial cells (kindly supplied by Dr R. Heller, University of Jena, Germany) were isolated and cultured in M199 medium, containing 15% (v/v) FCS, 5% (v/v) human serum, and 7.5 mg/mL endothelial cell supplement.
29 RAW264.7 macrophages (ATCC) were cultured in DMEM containing 10% (v/v) FCS, 2 mM glutamine, 50 U/mL penicillin, and 50 mg/mL streptomycin.
Cell culture studies
Association studies of 125 I-MPO to cells in the absence or presence of native or HOCl-modified HDL was performed at 378C as described. 22 After the incubation period, the medium was aspirated, and cells were rinsed two times with Tris-buffered saline [containing 5% (w/v) BSA] followed by two washes with Tris-buffered saline only. To determine cell-bound 125 I-MPO, DMEM containing heparin (100 U/mL DMEM) was added, and the cells were incubated for further 30 min to release cell-surface-associated 125 I-MPO. The cells were separated, the supernatants were collected, and the radioactivity was measured to estimate heparin-releasable (bound) MPO. Subsequently, the cells were lysed with 0.3 N NaOH to measure radioactivity (internalized and cell-associated, nonheparin-releasable) and protein content. Degradation of 125 I-MPO was estimated by measuring the non-trichloroacetic acid-precipitable radioactivity in the medium as described. 30 
Results
Interaction of HOCl-modified lipoproteins with myeloperoxidase
During the first set of experiments, we tested whether modification of HDL by HOCl alters binding characteristics of MPO to the modified HDL particle. For this purpose, a microplate-based assay was performed. Microtitre wells were first coated with (lipo)proteins and excess of binding sites was blocked. Subsequently, wells were incubated with 125 I-MPO. Figure 1A shows dose-dependent binding of 125 I-MPO to coated wells, which were not saturated at the concentrations used. Binding of 125 I-MPO to wells coated with either HDL or apoA-I at same protein concentrations is similar but almost five-fold higher compared with wells coated with BSA ( Figure 1A) , a protein recently reported to act as an in vivo carrier for MPO.
31 Figure 1A further shows that Table 1 .
To further confirm an increased binding affinity of MPO to HOCl-HDL, native and modified HDL was coupled to Sepharose (described in the Methods section) and incubated with 125 I-MPO. MPO binding was quantitated by measuring Sepharose-bound and unbound (soluble) radioactivity. About 90% of added 125 I-MPO was associated with HOCl-HDL-Sepharose, whereas only 25% was associated with HDL-Sepharose ( Figure 1D ). About 10% of added 125 I-MPO is bound to Sepharose alone. From these experiments (Figure 1) , we conclude that MPO is a preferential ligand for HOCl-HDL.
To underscore that binding of MPO is dependent on the extent of HOCl modification of HDL, binding data from Figure 1A were plotted against parameters indicative for the extent of HOCl modification of HDL/apoA-I; the REM of modified HDL particles was calculated and the concentration of two amino acids highly susceptible to HOCl modification was estimated. Figure 2 shows that binding of MPO to modified HDL particles is directly related to an increasing REM value ( Figure 2A ) and to the extent of modified lysine and tyrosine residues in the apolipoprotein moiety of HDL ( Figure 2B and C).
High-density lipoprotein-associated chloramines affect binding affinity of myeloperoxidase to high-density lipoprotein
As HOCl modification of (lipo)proteins is paralleled by formation of N-chloramines, we tested whether these chloramines are responsible for the increased affinity of HOCl-HDL towards MPO. For this purpose, HDL was modified with HOCl under two different conditions. First, HDL was modified at 08C for 1 h; where indicated, methionine was added to reverse N-chloramine formation. Second, HDL was modified at 378C for 12 h, a condition known to lead to breakdown of chloramines 18 ; again, methionine was added at the end of the incubation period as indicated. MPO-binding affinity towards these HOCl-HDL preparations was determined on the basis of their ability to inhibit 125 I-MPO binding to native HDL that has been coated to microtitre wells. HDL, modified with reagent HOCl at 0 and 378C effectively inhibited 125 I-MPO binding to native HDL ( Figure 3A and B) . Depending on the temperature used for modification of HDL, the addition of methionine strongly altered the affinity of modified HDL towards 125 I-MPO. As expected, addition of methionine to HOCl-HDL (modified at 378C) did not affect the binding affinity to 125 I-MPO; however, addition of methionine at 08C impaired binding affinity ( Figure 3A and B) . From these experiments, we conclude that chloramines (formed at 0 and 378C) or unstable secondary products of chloramines 18 may contribute to the increased binding affinity of MPO to HOCl-HDL.
Activity and structural features of myeloperoxidase bound to lipoproteins
As MPO binds with high affinity to HOCl-HDL (Figures 1-3) , we tested whether lipoprotein-bound MPO is still enzymatically active. In principle, N-chloramines present in HOCl-HDL might directly inactivate MPO or alternatively modify the structure of the enzyme in a way that influences H 2 O 2 and halide binding and their redox transformation in further consequence. To test this issue, MPO was incubated with HDL or HOCl-HDL and enzymatic activity was estimated by measuring consumption of H 2 O 2 . MPO binding to unmodified HDL does not affect its enzymatic activity (Figure 4) . Importantly, even when incubated with HOCl-HDL, MPO retained 75-80% of its activity (Figure 4) . This indicates that HOCl-HDL acts as a carrier for MPO with only modest loss of enzymatic function. Addition of methionine to HDL modified by HOCl at 08C tended to slightly reverse the observed decrease in MPO activity.
In line, binding of MPO to both HDL and HOCl-HDL did not alter the overall secondary structure of the haem protein. Figure 1A (myeloperoxidase binding to native and modified high-density lipoprotein preparations at the highest myeloperoxidase concentrations) were plotted against relative electrophoretic mobility (REM) values (A) and the extent of lysine (B) and tyrosine modification (C ) of native high-density lipoprotein and modified high-density lipoprotein (indicated oxidant:lipoprotein molar ratio). Relative electrophoretic mobility values and amino acid analyses were estimated as described in the Methods section. This is evident by inspection of far-UV CD spectra (Supplementary material online, Figure S1A and B) that clearly shows that the spectrum of MPO incubated with HDL or HOCl-HDL results in a superimposition of the CD spectra of free MPO and the corresponding lipoprotein particles. In addition, the UV-Vis spectrum of MPO incubated with HDL or HOCl-HDL (not shown) was identical to that of free MPO with main absorption maxima at 430, 570, 622, and 690 nm, which are characteristic of a six-coordinated high-spin aquo ferric haem. 32 This indicates intact haeme coordination and reactivity, which are underlined by the polarographic measurements of H 2 O 2 consumption ( Figure  4) . Nevertheless, binding of MPO to HDL or HOCl-HDL is reflected by some loss of haem ellipticity and changes in the absorption region of aromatic amino acids in the corresponding CD spectra (Supplementary material online, Figure  S1C and D). The effect was more pronounced in the MPO/ HOCl-HDL system. Its near-UV CD spectrum differs significantly from that of MPO/HDL system reflecting also modifications of aromatic amino acids in HDL by HOCl. Indeed, the specific binding site for MPO on apoA-I is located in helix 8, where, in addition to a lysine residue, tyrosine 192 has been identified as the most potent amino acid for nitration and chlorination, respectively. [17] [18] [19] 21 
Cell association of myeloperoxidase is impaired by HOCl-high-density lipoprotein
After release from activated phagocytes, MPO adheres to the endothelial layer. 10, 33 Immunofluorescence doublelabelling experiments revealed co-localization of HOClmodified epitopes with MPO and apoA-I on endothelial cells lining the blood vessel. 8 We therefore tested whether HOCl-HDL interferes with cell association (the sum of binding and internalization) of MPO. Even in the presence of 50% FCS, HOCl-HDL inhibited cell association of 125 I-MPO to human endothelial cells in a concentrationdependent manner ( Figure 5 ). Native HDL was without significant effects on 125 I-MPO binding. In human atherosclerotic lesions, MPO is also detected in association with macrophages. [9] [10] [11] Therefore, the next series of experiments were performed with macrophages; cell association (binding and internalization) and degradation of 125 I-MPO were measured. HOCl-HDL effectively inhibited cell association, i.e. binding ( Figure 6A ) and internalization ( Figure 6B ) of 125 I-MPO in a concentration-dependent manner even in the presence of 50% FCS. In line with these findings (Figure 6A and B) , lysosomal degradation of 125 I-MPO was also inhibited by HOCl-HDL in a concentrationdependent manner up to 80% ( Figure 6C) . Native HDL showed weak inhibitory activity (up to 15%) on cell association and degradation of 125 I-MPO ( Figure 6A-C) .
Discussion
Both abundant staining for MPO [8] [9] [10] [11] and the high extent of 3-chlorotyrosine or nitrotyrosine on apoA-I 21 support halogenation/nitration activity of the MPO-H 2 O 2 system in human lesion material where apoA-I has been found to co-localize with HOCl-modified epitopes. 13, 22 The massive accumulation of 2-chlorohexadecanal, 34 a reactive aldehyde, generated from HOCl-mediated attack of lipoproteinand cell-associated ether phospholipids, provides further evidence for MPO-mediated activity in human lesion material.
Panzenboeck et al. 20 first demonstrated that HOCl, added as reagent or generated by the MPO-H 2 O 2 -chloride system, transforms HDL into a modified lipoprotein particle with characteristics similar to lipoproteins commonly thought to initiate foam cell formation in vivo. Compared with HDL, HOCl-HDL is preferentially taken up and degraded by macrophages. 20 This uptake is not due to aggregation, i.e. interparticle cross-linking of apoA-I in modified HDL, as confirmed by static and dynamic light scattering experiments. 20 In search for a candidate receptor that mediates uptake of HOCl-HDL, we could previously identify SR-BI, 22 a class B scavenger receptor highly upregulated in human atherosclerotic lesions. 35 In addition to an enhanced cellular lipid uptake, a decreased lipid acceptor activity of modified HDL 13, 17, 19, 24 supported the concept that modification of HDL by HOCl, added as reagent or generated by the MPO-H 2 O 2 -chloride system, generates a dysfunctional lipoprotein particle. 16, 20 Subsequently, a number of studies have underlined an important role for MPO in the oxidative modification of HDL in vitro and in vivo. HDL isolated from human atheroma contains MPO, and the protein moiety of HDL represents a specific target for nitration and chlorination within human atheroma. 21 Most importantly, 15% of the HDL-like particles recovered from human aortic lesions contain at least one oxidative modification; this amount may increase up to 50% in certain patients. 21 As apoA-I is the major HDL-associated apolipoprotein, attempts have been made to identify specific regions and/or segments in the primary structure prone to be modified by the MPO-H 2 O 2 system in vivo and in vitro. 17, 19, 21, 38 Here, we show that modification of HDL by the MPO product HOCl markedly increases binding affinity of HDL for MPO ( Figure 1B) . Using different experimental approaches, we show that binding of MPO to modified HDL increases as a function of the extent of HOCl modification ( Figure 1A) . Notably, we observed that binding affinity of MPO to native HDL is much weaker compared with HOCl-HDL. The observed increase in binding affinity is due to a reduction of the positive charge of the protein via formation of N-chloramines (and/or breakdown products of corresponding N-chloramines), leading to increased interaction with positively charged MPO. N-chloramines can decompose into the carbonyl aminoadipic acid semialdehyde, which can be further oxidized to 2-aminoadipic acid accounting up to 44% of total lysine loss. 18 Most importantly, an oxidant:lipoprotein molar ratio of 50:1 and 200:1, as used in the present study, results in the loss of 15 or 45% lysine residues ( Figure  2B ) and 40 and 85% of tyrosine residues ( Figure 2C ) but increased REM of 23 and 79% (Figure 2A) -data in good agreement with previous findings. 39, 40 It has to be noted that upon binding of MPO to the corresponding HDL particle, changes of the overall secondary structure of MPO could not be detected, whereas observed deviations in the near-UV and visible CD region suggest re-arrangements of its threedimensional structure. In any case, these re-arrangements only slightly affected the enzymatic capacity of MPO to follow the halogenation cycle and to oxidize a halide in the presence of H 2 O 2 . The maximum observed decrease in the activity of 10 mg MPO/mL incubated with 1 mg/mL HOCl-HDL for 30 min was 25% compared with free MPO.
We could show that HOCl-HDL inhibits degradation of MPO by macrophages thereby possibly sustaining active MPO levels. Furthermore, we show that HOCl-HDL inhibits cell association of MPO with endothelial cells ( Figure 5 ). This must be seen in the context that MPO released from activated neutrophils rapidly associates with endothelial cells. Assuming local activity of the MPO-H 2 O 2 -chloride system, low concentrations of HOCl at sites of inflammation cause very rapid shortening of actin microfilaments, cell retraction and increased endothelial permeability, 41 and even endothelial cell lysis. 42, 43 Moreover, cell-bound MPO undergoes transcytosis across the intact endothelium, where the enzyme may modify extracellular matrix proteins. 33 In summary, we propose that modification of HDL by MPOderived HOCl results in the formation of a potent carrier for enzymatically active MPO. Most importantly, association of MPO with HOCl-HDL protects this peroxidase from cellular uptake and degradation. Furthermore, monocytes/macrophages, when exposed to enzymatically active MPO, may exhibit an increased capacity for phagocytosis and intracellular killing of micro-organisms. 44 However, in parallel, the cellular uptake of MPO is accompanied by modulation of the activation state of monocytes/macrophages, 45 leading to the release of cytokines and formation of MPOgenerated radicals. 46 On the other hand, when MPO is trapped by HOCl-HDL extracellularly, the enzymatically highly active MPO may then act as a catalyst for oxidative modifications of lipids and/or proteins that in turn may contribute to inflammatory diseases, e.g. atherosclerosis, glomerulosclerosis, arthritis, cystic fibrosis, and asthma. [47] [48] [49] [50] [51] 
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